Abstract -Voltage deviation resulting from the power generation of distributed Renewable Energy Sources (RES) can be a serious problem especially as the penetration of RES is increased in the distribution grids. For example, residential photovoltaic (PV) systems can raise the voltage of the low voltage distribution feeder due to reverse power flow. Especially at the peak PV power production, the network voltage might even deviate from the upper voltage limit as defined by the grid regulations, causing cascading problems to neighboring consumers and to the grid. This paper investigates the residential PV reactive power (Q) compensation scheme adopted in Cyprus by the local authorities in order to restrict the voltage from deviating over the maximum allowable 10% limit. This paper performs a simulation-based investigation regarding the effectiveness of the existing regulations of the Electricity Authority of Cyprus (EAC). The investigation is enabled by applying the Q-compensation scheme on several PVs installed in a typical low voltage distribution feeder. The current EAC grid regulations are fixed for all PV systems irrespective of the PV system size and the distance/location from the secondary distribution transformer. Modified compensation schemes consisting of shifting forward or reverse the Q-compensation characteristic line are also investigated in this paper. The results of this case study show an improvement to the grid voltage by providing necessary compensation based on their distance from the substation.
I. INTRODUCTION
The international trend to limit the use of conventional energy sources based on fossil fuels due to environmental concerns has led to the increased utilization of Renewable Energy Sources (RES). However, the increasing RES integration can influence the operation and stability of the power system. When a solar PV system is exporting power to the grid, it can cause a voltage rise at the consumer premises, which is highly undesirable as it can damage consumer's appliances and sensitive equipment, cause the disconnection of some loads due to overvoltage protection and can reduce the lifetime of appliances [2] . Sensitive equipment may include, adjustable speed drives, microprocessors, industrial processes, electric motors, fluorescent lights, etc. Consequently, RES systems must be equipped with auxiliary functions, such as Fault Ride Through (FRT) and reactive power compensation, in order to support the power system in the event of faults and prevent voltage rise [3] [4] [5] [6] . Nowadays, almost all distribution network operators impose regulations in order to utilize the presence of RES systems for the benefit of the power system.
The generated PV power is injected into the grid through the Grid Side Converter (GSC). The amplitude of the grid voltage can be highly affected by the power generation of PVs. Under high penetration of PVs and during sunny conditions, residential PV systems can cause a reverse power flow in the low-voltage feeders and thus, the distribution network's voltage can be critically increased. Further, the standard practice of Distribution System Operators (DSO), especially in passive distribution grids, is to set the grid voltage of the secondary distribution transformer considerably above the nominal voltage in order to ensure that the voltage at the end of the line consumer will not be lower than the minimum limit. Under such circumstances, it is not uncommon to observe violation of the 10% upper voltage limit, especially under high penetration of residential PV installations. Therefore, under high PV power generation, an inductive reactive power compensation is required by the PVs for decreasing the voltage within the regulation limits. The Electricity Authority of Cyprus (EAC) has recently adopted a reactive power compensation based on the generated PV output power as shown in Fig. 1 [1] . The adopted compensation scheme is fixed for all the PV systems/prosumers and does not consider the location or distance of the prosumer from the secondary transformer. The effectiveness of such a fixed reactive support scheme on the voltage regulation across the feeder may be limited since the voltage drop is directly related to the distance from the transformer. Reactive power compensation curve for Cyprus, where power factor is defined according to generated active power [1] .
To investigate the effectiveness of different reactive power compensation schemes on the voltage regulation across the distribution grid, an accurate modeling of both the distribution grid and the PV systems is needed [7] [8] [9] . Thus, an accurate model is developed for the purposes of this paper, in order to allow the investigation of the distribution grid operation under steady state and fast transient events. In the Distribution Network (DN) under investigation, several prosumers have been considered consisting of loads and PV systems. Each PV installation has been modelled based on an accurate discrete time EMT model that considers the PV panels, the GSC and its controller. The Q-compensation scheme has been integrated within the GSC controller [5] , analyzing in this way the effect of compensation on the operation of the DN.
The work takes into consideration several RES systems connected to a grid model that is dynamically investigated through simulation work. The existing EAC grid regulation for PV systems is analyzed and its weaknesses arising by the fixed reactive power compensation scheme adopted are identified. Consequently, this paper proposes a modified compensation scheme based on the distance of prosumers from the distribution network low-voltage transformer. The results show a positive impact on the compensation capabilities of RES and the operation of the power system. Section II describes the dynamic system model developed to enable this investigation. The existing EAC grid code is discussed and investigated in section III. Section IV presents the proposed modification to the existing EAC reactive power compensation scheme that would enable the more efficient grid voltage regulation from grid connected RES. The conclusion of the work is presented in Section V.
II. DISTRIBUTION NETWORK AND PV SYSTEM MODEL
The impact of reactive power compensation on the operation of a distribution network can be evaluated by implementing a dynamic power grid model along with several RES within the same simulation framework. For this investigation a realistic low-voltage distribution grid has been modeled consisting of 50 prosumers, as shown in Fig. 2 . All the prosumers consist of a 5 kVA PV installation (interconnected through a GSC) and a balanced 2000 W/ 500 VAr load. The line parameters are set according to the overhead lines typically used by the Electricity Authority of Cyprus (EAC) and realistic lengths have been considered between the prosumers and secondary transformer in order to design this test system for the distribution grid. The lines used are 4x100 mm 2 aluminum line from pole to pole and 2x22 mm 2 or 4x22 mm 2 from pole to each prosumer. The MV/LV transformer steps down the voltage to distribution level to which all the prosumers are connected. The GSC of the PV systems is a power electronics-based converter capable of delivering the desired active and/or reactive power if properly controlled. An LCL filter is employed after the GSC to enable the injection of high quality currents. The control of GSC is designed in a synchronous reference frame (SRF), where an error signal is provided to a Proportional Integral (PI) controller along with the feedforward and cross-coupling terms [10] . The GSC control system mainly consists of an active/reactive power controller, a current controller, and a synchronization scheme [8, 11] . The active/reactive power controller generates the d and q-axis references for the current controller based on desired active and reactive power [12, 13] . The reactive power reference Q ref is obtained from the desired compensation pattern, from which, the q-axis reference current is generated by the PQ controller [6] . The current controller performs the function of tracking the references with zero steady state error. The synchronization scheme, usually a Phase-Locked Loop (PLL), is the key element in the control process [14] [15] [16] [17] [18] [19] since it extracts the necessary phase, frequency and amplitude information from the grid voltage. The extracted information is required for SRF transformations and implementation of current controller's feedforward terms [10, 20] . This synchronization is achieved using an advanced PLL algorithm that can work under any abnormal grid condition [14] and the current controller that enables the injection of high quality current according to [10] . The design parameters for the power system, renewable energy system and tuning parameters for the current controller and PLL are listed in Table I .
III. EXISTING REACTIVE POWER COMPENSATION
When residential PV systems deliver maximum power to the grid (under sunny conditions), the network voltage at some points may exceed the upper voltage limit due to reverse power flow. This may have a cascading effect to neighboring consumers and to the grid as already discussed in the introduction. The presence of a power electronic based GSC for the grid interconnection of the PV systems, offers the possibility to diversify its role by requesting to deliver active and/or reactive power as per the requirements. The accurate control of the GSC allows the injection of the desired reactive power in addition to the active power for the necessary compensation of over or under voltage case scenarios. In most of the cases, especially during the day time, PV systems inject a large amount of active power and thus the voltage is increased. However, during night time, when the PV systems switch off, the voltage at the PCC returns back to the grid voltage supplied by the system. It is worth mentioning that the maximum deviation in voltage mainly appears at the end of the line buses due to the cascading effect that each PV system has on the bus it is connected to. As the injected PV power increases, the voltage at each bus will increase and each subsequent bus will experience the voltage of the previous bus. The test case of Fig.  3 , shows the deviation of the voltage at all buses of the LV distribution grid when the PV power is increased from 0 to 5 kW. All the buses contain 2000 W/250 VAr balanced loads (similar for all the investigations, except for the one in Fig. 4 ). The deviation in voltage for the end of the line bus (i.e., V100%) is higher compared to the buses near the transformer (i.e. V20%). Consequently, for the bus at the end of the line, if the system voltage is already at a higher value, this change in voltage can cause the bus to violate the upper voltage limit (which is 1.1 pu for Cyprus). For example, if the voltage at the distribution transformer is set at 245 V, the increase in voltage at the furthest bus (100% of distance) for 5000 W PV power injection, will be 12.22 V. The upper voltage limit (253 V) will therefore be violated. Furthermore, a test case has been carried out to analyze the operation of the distribution network for various photovoltaic power outputs and loading conditions. The operating and loading conditions for this investigation are listed in Table II and the results are shown in Fig. 4 . For cases with high PV power and small loads, there is an increase in the voltage, especially at buses which are located further away (i.e., V80% and V100%). Thus, there is a need for regulations on inductive compensation utilizing the technology of the RES systems.
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Considering the problem of voltage rise, the Electricity Authority of Cyprus (EAC) has recently imposed a grid code based on which, after a specific converter percentage power output, the reactive power compensation scheme is applied (the converters are preconfigured for this scheme). If the power generated by the PV converter ( ) exceeds 40% of its rated power output, a certain amount of reactive power must be absorbed by the converter in order to limit the increase in voltage and compensate the effect of reverse power flow. The grid code provided by EAC is shown in Fig. 1 and PV system installers are required to preconfigure the GSCs accordingly. Examining the characteristic power output curve shown in Fig.  1 , the reactive power compensation is controlled by changing the power factor depending on the real power output of the GSC. For example, up to 40% of the rated converter output power , the power factor is equal to 1 meaning that all the power generated by PV is injected as active power. When the generated power exceeds 40% of the GSC's capability, the power factor varies linearly according to Fig. 1 . The mathematical relationship of the EAC's Q-compensation scheme for a 5 kVA rooftop PV system is given by
The current grid code applies a fixed amount of Qcompensation for all the PV systems connected to the distribution network depending on the GSC's rated power Operating Conditions V20% V40% V60% V80% V100% output and the available PV generated power, irrespective of the distance from the substation. The change in prosumer bus voltage as per the EAC compensation is shown in Fig. 5 . It can be seen that the further away a prosumer is from the distribution transformer, the greater the increase in voltage. Under the current EAC regulation, the voltage for prosumers far away from the transformer is compensated the least when compared to prosumers nearer the transformer. For example, examining the voltages at prosumer buses 80%l and 100%l, the EAC compensation is not designed so as to regulate the rise in voltage accordingly. Under = = 5000 , as per initial case study of without Q-compensation scheme (Fig. 4) , the voltage deviation at maximum distance (100%l) is 5.32% of the nominal grid voltage. Whereas, in the case with the EAC's compensation scheme (Fig. 5) , the maximum voltage deviation is 3.48%. The Q-compensation scheme of EAC seems to show a significant improvement on the voltage variation, however, there is an opportunity for even further improvement. As depicted by the results of Fig. 4 and Fig. 5 , the prosumers located furthest away, require more reactive power compensation compared to the ones which are closer to the substation transformer. Furthermore, for buses nearer the substation transformer and for which the same compensation scheme is applied, the result is an unnecessary loss of injected active power. Consequently, providing a fixed amount of reactive power compensation for all prosumers may not be the ideal solution. The grid voltage at the LV transformer of the distribution network in Cyprus is around 1.08-1.09 pu, however, the upper voltage limit is 1.1 pu. As a result, prosumer buses far away from the LV substation transformer, will almost certainly violate the voltage limit during reverse power flow. Consequently, more compensation should be provided for these buses.
This paper presents a modified compensation scheme providing compensation based on the bus distance from the distribution network LV substation transformer. The modified pattern is obtained by introducing shift forward and shift reverse compensation patterns; these patterns are applied to the prosumers based on their location. The resulting compensation pattern shows a positive impact on the distribution network.
IV. POSSIBLE MODIFICATIONS
In this section, the proposed modified reactive power compensation schemes are discussed. The PV systems have sufficient capacity to generate power up to their rated values and this comes up with the problem of voltage rise at the connection point. Although the pre-defined and uniform reactive power compensation scheme according to the current EAC regulations decreases the rise in voltage, it can be improved as already discussed. Consequently, two modified patterns based on distance are proposed referred, to as Shift Forward Compensation (SFC) and Shift Reverse Compensation (SRC).
A. Shift Forward Compensation (SFC)
Shift Forward Compensation reduces the amount of reactive power compensation and is suitable for buses that lie at a distance (d) less than 50% of the distribution feeder length (l) from the distribution network LV substation transformer. In this compensation pattern, the threshold point from which the Voltage (p.u.)
Power, P (W) V20% V40% V60% V80% V100% compensation starts is shifted forward to 0.6 and the power factor requirement at rated power is increased to 0.95 inductive. As mentioned earlier, the buses which are near the substation require less compensation. This scheme takes this into consideration as can be realized by the proposed scheme. Thus, unnecessary compensation is avoided and the prosumer is not "penalized" with the respective loss of active power and energy (kWh). The modified SFC compensation is shown in Fig. 6 and is given by (2).
It is worth mentioning that the same pattern holds for any rated power of residential rooftop systems. The proposed SFC is applied to the distribution network and the results are presented in Fig. 7 . The SFC is suitable for the buses close to the distribution network LV transformer, but as we move towards the end of the line (V100%), the reactive power compensation seems to be insufficient. Consequently, this compensation can be used for buses located less than 50% of feeder length from the distribution substation transformer.
B. Shift Reverse Compensation (SRC)
Shift Reverse Compensation is suitable for prosumers located far away from the distribution transformer. In this case, the amount of reactive power that prosumers need to generate is comparatively greater. In addition, the compensation is applied beginning from an even lower rated converter power output as compared to the existing EAC grid code (30% instead of 40%), as shown in Fig. 8 . The SFC compensation is suitable for the prosumers that lie at a distance greater than 50% of the total length of the feeder from the distribution substation transformer. The threshold point from which the compensation is applied is shifted backwards to 0.3 , whereas the slope of the reactive compensation curve is set to maintain a power factor of 0.85 lagging when delivering active power equal to 100% of the rated value. Based on this, the Q-compensation for rated power is given by
The effect of SRC compensation is shown in Fig. 9 and is more suitable for far away buses. Based on the above discussion, a combined version of SRC and SFC is applied to the distribution network model. The converters on buses located at a distance within 50% of the line distance (d<0.5l) from the distribution substation transformer are preconfigured with the SFC scheme and the converters on buses located at a distance more than 50% away from the LV substation transformer (d>0.5l) are preconfigured with the SRC scheme. The results for this Distance Dependent Reactive Power Compensation (DDRPC) scheme are shown in Fig. 10 . DDRPC appears to be more efficient, as it offers the desired compensation as a function of distance. For example, if the voltage at the distribution transformer is 251 V, the increase in voltage at the furthest bus (V100%) with a 5000 W PV system and 2000 W/ 500 VAr load is 1.9 V (0.82% of the nominal). However, with the existing reactive power compensation, the voltage rise is 6. Voltage (p.u.)
Power, P (W) V20% V40% V60% V80% V100%
Based on the discussion above, the complete set of Qcompensation for DDRPC is given by The investigation addresses the problem of fixed reactive power compensation as per current grid codes in Cyprus. It is shown that the grid voltage of prosumers far away from a substation may deviate from acceptable levels. Consequently, two possible modifications are proposed to provide the desired compensation according to the location/distance of prosumers connected to the network. The proposed reactive power compensation, DDRPC, under certain conditions, can restrict the voltage within acceptable levels for cases where the grid voltage is already high and close to the upper limit. The proposed reactive power compensation is analyzed and investigated through a realistic low-voltage distribution network.
The simulations are carried out for a small distribution network with a total number of 50 prosumers connected to the LV side of the MV/LV transformer and results obtained for this investigation show an improvement to the grid voltage by providing the necessary Q-compensation. However, further simulation work is required in order to observe the significance of proposed patterns on a large distribution network and also its implication to a more practical case scenario. The proposed compensation scheme is slightly unfair amongst the prosumers as it depends on the location from the substation transformer. However, the voltage variation is significantly limited and such a regulation can enable a smooth and seamless penetration of residential PVs. Prosumers that incur considerable energy losses could perhaps be relatively compensated by crediting them with the excess energy lost. An alternative to this fixed and pre-defined compensation is to involve dynamic compensation where reactive power is dynamically provided based on the voltage at the PCC of prosumers and the distribution network. The dynamic compensation can be enabled through a controller capable of monitoring the voltage and generating required Q reference based on the desired grid voltage. For DNOs, maintaining the voltage within the predefined limits as specified legislation should be predominant as it sets the basis for a "healthy" grid. The longevity of equipment is prolonged, losses are minimized and the operation of equipment is, in general, optimized.
